A number of parasitic plants have adapted to agricultural environments becoming weedy and posing a serious threat to important crops. Available control measures rely heavily on use of synthetic herbicides. The side effects on environmental pollution and food health of chemical control prompted studies to find alternative strategies based on the use of natural products. This article reviews plant and fungal metabolites with potential for the development of specific and efficient methods for the control of parasitic plants.
The parasitism of weedy holoparasites represents a serious and persistent agricultural problem that can induce yield losses up total failure of crop productivity [2] . Cultural, chemical and biological management practices have been explored against root parasites [3] [4] [5] . Their control mainly relies on the use of resistant cultivars and the use of systemic herbicides. Unfortunately, for many crops the success of these methods is marginal mainly due to lack of sources of resistance against weed parasitism and host sensitivity to herbicides. In addition, the ability of parasitic weeds to evolve new biotypes that overcome the control action compromises the sustainability of programs of plant protection against parasitic weeds [4] . For successful and sustainable parasitic weed control, strategies of integrated management must be implemented broadening the focus of control mechanisms towards prehaustorial stages of parasite development specially targeting those stages of parasitic germination and radicle growth [6] . In that regard, the use of novel sources of resistance based in low induction of parasitic weed germination [7] combined with the use of allelopathic species either in intercropping or crop rotations [8, 9] could provide a cocktail of modes of action that would make more difficult for a given weed population to overcome.
Orobanche and Striga seedlings are unable to develop autotrophy and therefore they require to infect a host in few days after germination to obtain host-derived nutritive supply. Therefore, their germination is inhibited until they sense specific molecules exuded by host roots. Upon host-induced germination a short infective radicle emerges from the seed, which attach and invades the host root by means of host-induced haustorium [10, 11] . This signaling mechanism can be capitalized in plant protection by means of the use of allelopathic species which can perform their orobanchicidal action at least in three different ways: stimulating suicidal germination in absence of a host, inhibiting germination in the presence of a host leading to parasitism inhibition or disrupting the subsequent radicle growth and haustorium development [9, [12] [13] [14] . Besides crop-delivery of orobanchicidal molecules, a straightforward approach to the use of natural molecules for parasitic weed control is their direct application to the soil at specific times of parasitic development. For example, the direct application of orobanchicidal amino acids during Orobanche germination and radicle growth resulted in significant levels of parasitic inhibition [15] . The isolation of natural substances with orobanchicidal activity opens the door to the design of new herbicides based on natural and benign sources with increased levels of specificity [16, 17] . Thus, there is an urgent need for the development of novel, effective and environmentally compatible treatments based on natural compounds. Plant and microbial metabolites are an abundant source of allelochemicals with potential application in plant protection [18] [19] [20] [21] [22] including agriculture [23] [24] [25] [26] [27] .
This review reports the isolation of metabolites stimulating and/or inhibiting germination and growth of parasitic weeds seedlings and the exploitation of allelopathy for parasitic plants management in sustainable agriculture.
Plant root exudates: metabolites stimulating and/or inhibiting
germination and growth of parasitic weeds seedlings Host specificity in obligate parasitic weeds is first determined at seed germination level [28] . Their germination is induced after warm stratification followed by host-derived chemical stimulation [29] . Almost seventy years ago it was observed that chemical stimulation of obligate parasitic weeds was induced by lactonecontaining molecules exuded by roots of crops [30] . Since then, strigol (1, Figure 1 ) and strigyl acetate [31, 32] and later, multiple analogues were identified [33, 34] which were collectively called strigolactones [35] . In general, strigolactones tested so far have stronger activity on weedy broomrapes than in wild broomrapes. Each crop exudates a characteristic strigolactone profile containing different structural forms with a canonical structure of a tricyclic lactone (ABC ring) linked by an enol-ether bridge to a butenolide (D ring) whose orientation has the strongest influence in germination activity [36] [37] [38] . The structural conformation of strigolactones play a role in diversified recognition of crop species driving host range in parasitic weeds [39] . Figure 1 ) was identified in sunflower root exudates [40] . DCL lacks any group resembling the D-ring but display a strong activity in germination of O. cumana germination, the weed species that specifically parasitizes sunflower. However, the activity of DCL was observed low in other parasitic weeds such as Phelipanche species, while it was observed null in O. minor and S. hermonthica [41] . From Brassica napus root exudates, eight glucosinolatebreakdown products were identified and quantified by gas chromatography-mass spectrometry. Two 3-phenylpropionitrile and 2-phenylethyl isothiocyanate (3 and 4, Figure 1 ) were identified in the B. napus rhizosphere. P. ramosa germination was strongly stimulated by isothiocyanates, indicating their key role in the B. napus-P. ramosa interaction [42] . Legumes are frequently parasitized by broomrape weeds mainly O. crenata, O. foetida, O. minor and P. aegyptiaca and therefore their root exudates are an important source of broomrape germination stimulants. The root exudates of several legume crops were studied to discern the form of germination stimulants present. The roots of common vetch (Vicia sativa) are a source of a germination-inducing triterpenene and a sterol which were isolated from their root exudates and identified as soyasapogenol B and trans-22-dehydrocampesterol (5 and 6, Figure 2 ). Soyasapogenol B, is a specific stimulator of O. minor seeds, while campesterol activity is less specific stimulating the germination of all broomrapes weeds tested. Soyasapogenol B is the aglycone of saponins I and II, which were also identified in the V. sativa root extract where it is probably stored in the glycosodic form [43] . The root exudates of field pea (Pisum sativum), were also investigated in search for new germination stimulants. Pea is an interesting case as it strongly induces the germination of the very noxious P. aegyptiaca, O. crenata and O. foetida weeds, but is susceptible only to O. crenata and immune to the attack of P. aegyptiaca and O. foetida germinated seedlings, which makes it as good candidate trap crop for induction of suicidal germination [44] . Several metabolites were identified from pea root exudates with suicidal germination activity. Peagol and peagoldione (7 and 8, Figure 2 ) induced the germination of P. aegyptiaca, while peagol, and a group of polyphenols named peapolyphenols A-C (9-11, Figure 2 ) characterized as the 2-hydroxy-3-(2-hydroxy-4-methoxyphenyl)-1-(4-hydroxyphenyl)-propanone, 1-(2-hydroxy-4-methoxyphenyl)-3-(4-hydroxyphenyl)-propan-1,2-diol, and 1-(2,4-dihydroxyphenyl)-3-(4-hydroxyphenyl)-propan-1,2,3-triol, and two known 1,3,3-trisubstituted propanone and 1,2-disubstituted propanone (12 and 13, Figure 2 ), were identified with activity in O. foetida [45] [46] [47] . This specificity is remarkable in O. foetida germination biology as O. foetida is the only weedy broomrape that do not respond to the strigolactone standard GR24 [48] . Figure 3 ) [13] . 2. Fungal and plant metabolites able to induce germination and/or inhibition of parasitic plant seeds Interesting results were obtained testing fungal phytotoxins for their activity as stimulants of broomrape seed germination. Fusicoccin A (19, Figure 4) , a carbotricyclic diterpenoid isolated from Fusicoccum amygdali the causal agent of almond and peach canker, showed germination activity at physiological concentration. Ophiobolin A [50, 51] (20, Figure 4a) , is a phytotoxic sesterterpenoid metabolites isolated from Dreschlera gigantea sharing the same carbotricyclic ring. A SAR study was undertaken on nine Orobanche species testing fusicoccin derivatives obtained by chemical modification of its functionalities and ophiobolin A. In the concentration range tested, the acetonide of fusicoccin A aglycone, the hexacetyl and pentacetyl isomers of 16-O-demethyl-de-tertpentenylfusicoccin (22-23, Figure 4a ) as well as ophiobolin A appeared to be inducers suicidal germination of these broomrapes having potential as bioherbicides [52] . In a recent attempt to find new bioactive metabolites as natural and safe herbicides for parasitic weed management, the organic extracts of 10 Mediterranean plants were evaluated for their inhibitory effects on seeds of field dodder (Cuscuta campestris) and crenate broomrape (O. crenata). Four phytotoxic bi-and tri-cyclic sesquiterpene lactones named inuloxins A-D (24-27, Figure 4b ), were isolated from the aerial parts of Inula viscosa (family Asteraceae), and characterized as the (4E,7R*,8R*,10S*)-3-oxogermacra-4, 11(13)-dien-8-12-olide (A), its 11,13-dihydro analogue (B), (5R*,7R*,8R*,10R*)-1,15-methylene-5-hydroxy-eudesm-1(15), 11(13)-dien-8-12-olide (C), and (7R*,8R*)-1,4-dimethyl-4-hydroxy-secoeudesm-5(10),11(13)-dien-8β-12-olide (D), respectively. α-Costic acid (28, Figure 4b ) was also isolated as the main metabolite produced by this plant [53] . They belong to different subclass of sesquiterenoids as the germacrenolide, eudesmanolides and seco-eudesmanolides and showed marked structural difference in the functionalites. The AC to naturally occurring (+)-inuloxin A, (+)-inuloxin B and (-)-inuloxin C has been determined by experimental measurements and theoretical simulations of chiroptical properties Optical Rotatory Dispersion (ORD), Electronic Circular Dichroism (ECD), and Vibrational Circular Dichroism (VCD) as (7R,8R,10S), (7R,8R,10S,11S) and (5S,7S,8S,10S), respectively [54, 55] . The S absolute configuration at C-5 of the 5-hydroxyhexan-2-yl side chain of inuloxin D was assigned by applying Mosher's method [53] . Among the inuloxin group, the tetrasubstituted 2-furanone ring is a structural feature important for the activity, whereas other structures linked to this ring, namely octahydrocyclodecenone, decahydronaphtho and tetrahydrobenzo present in inuloxin A and B, C, and D, respectively, do not seem to be as important for the biological activity. In the furanone ring the presence of the exocyclic methylene group plays a particular role in the activity, because when it is saturated, as in inuloxin B, it results in the complete loss of activity. A role was also played by the tertiary hydroxy group at C-4a of inuloxin C as its acetylation, a reversible modification, induced a partial loss of activity. It is clear that investigation of new metabolites from natural sources could allow the design of new active agrochemical ingredients (agi's) with activity inspired by nature and in accordance with new emerging concepts of green and sustainable chemistry. Recently, a library of plant and fungal allelochemicals were tested on seed germination and radicle growth of four major broomrape species O. crenata, O. cumana, O. minor and P. ramosa [16] . These allelochemicals belong to different classes of natural compounds such as the tetracyclic pimarane diterpenes sphaeropsidin A (29) [22] and chenopodolin (30) [56] , the cyclohexene oxides sphaeropsidone, epi-sphaeropsidone and epi-epoformin [20] (31-33, Figure 5 ). The nonenolides pinolidoxin, pinolide, herbarumin II and 2-epiHerbarumin II (34-37, Figure 5 ) [57] , and 24-oxa [14] and [13] cytochalasans cytochalasins A and B, and deoxaphomin (38-40, Figure 5 ) [58] , respectively. Cavoxin, cavoxon, [59] chenopodolan 292 Natural Product Communications Vol. 13 (3) 2018 Cimmino et al.
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C and 6-hydroxymellein (41-44, Figure 5 ) [60] are a chalcone, a chromanone, a furopyran and isocoumarin. Inuloxins A and C and -costic acid [53] (24 and 26, 28, Figure 5 ) are bi-and tri-cyclic sesquiterpenes. Finally, cyclopaldic acid [61] and fusaric acid [62] (45 and 46, Figure 5 ) are a substituted benzofuranone and a substituted pyridinic acid, respectively.
Metabolites inducing haustoria formation in parasitic plants
The development of haustorium allows the parasitic weed to attach and penetrate the host, and connect with its vascular tissues [63, 11] . In the Orobanchaceae, the haustorium development is initiated by host-derived haustorium inducing factors (HIF) [64] . Upon detection of HIF, the parasitic seedlings initiate haustorium development and undergo quick morphological changes in preparation for the attachment to host root. Several quinones, phenols and flavonoids, have been identified as HIF in obligate and facultative hemiparasitic plants of haustorium initiation was unknown and considered the exception in Orobanchaceae in that its haustorium initiation was not dependent on exogenous molecules [65] [66] [67] [68] [69] .
A study was carried out testing sphaeropsidone, a compound able to induce morphological changes in the Orobanche radicles that resemble the attachment organ. Thus, haustorium-inducing assays of the natural cyclohexene oxides (31 and 32, Figure 5 ), were performed in O. cumana, O. crenata and S. hermonthica using Striga seedlings as control due to their very distinct haustorial morphology [70] . Recognition of sphaeropsidones by radicles of Striga promotes a cessation of radical elongation and the development of attachment organ at the radicle tips. Radicles of O. crenata and O. cumana responded to sphaeropsidones with a cessation of radicle elongation, the radicle tip became spherical and cell extensions in the form of papillae were observed at the outer surface around the apex. A SAR study was carried out on some hemisynthetic derivatives of sphaeropsidone ( Figure 6a ) and episphaeropsidone (Figure 6b ) prepared by chemical modification of sphaeropsidones main functionalities to understand which functional groups are important to induce haustorium formation. Some variations were observed in the SAR-results across parasitic species, being the differences more obvious for O. cumana [70] . Structural features important for the haustorial activity are the a,bunsaturated ketone group, the hydroxy group at C-5 even if it is esterified. Furthermore, the epoxy ring has a role in the activity while the stereochemistry at C-5 seems not fundamental. In the screening by Cimmino et al. 2014 [16] , suicidal germination activity was observed in some bi-and tri-cyclic sesquiterpenes (inuloxins A and α-costic acid) and this effect was only observed in seeds of O. cumana but not in the rest of parasitic weed species tested. By studying each allelochemical in GR24-induced broomrape seeds, Cimmino et al., 2014 [16] identified sphaeropsidin A and all cytochalasins as inhibitors of broomrape germination [16] . The screening of this library of allelochemicals also resulted in the identification of a third orobanchicidal activity mediated by inhibition of broomrape radicle development by cyclohexene oxides, sphaeropsidin and cytochalasins. There were strong differences in the appearance of the radicles treated with each class of compound. Radicles of all broomra pe species exposed to cytochalasins and sphaeropsidin A quickly turned brown and necrotic while radicles exposed to cyclohexene oxides although much shorter than the control radicles, had white and healthy appearance and developed a dense layer of papillae at the tip of the radicle [16] . These results prompted further tests on cyclohexene oxides for their activity as inductors of haustorium formation.
The results of the SAR study suggested that the ability to initiate haustorium development in S. hermonthica is probably due to the conversion of the natural sphaeropsidones, their analogues, and hemisynthetic derivatives in the corresponding 3-methoxyquinone, whose structure is similar to the haustorium inducing factor 2,6 dimethoxybenzoquinone isolated from sorghum root exudates [71] . In fact, although sphaerospidones are not related in structure to 2,6 dimethoxybenzoquinone, [10] , they can be the precursors of the closed 3-methoxyquinone by oxidation [70] . 
CONCLUSIONS:
Parasitic plants are major threats to important crops and can induce yield losses up total failure of crop productivity. Integrated pest management systems appear the best solution to find effective, long-lasting, widely applicable and environmentally benign methods for parasitic weed control. Considering the life cycle of parasitic weeds, preventing seed germination and/or host attachment would be ideal targets for a successful management of the parasites. Allelopathic plants can perform their action stimulating germination leading to suicidal germination, inhibiting germination or disrupting germling growth and haustorium development. Natural compounds able to inhibit seed germination or conversely stimulate it in the absence of a host, or reduce germ tube elongation, or hamper tubercle development, are attractive to reach effectively that objective. Beside strigolactones, strigolactone-like metabolites and many other classes of natural compounds were isolated as germination stimulants and/or inhibitors of seed germination and radical growth. Recently, some fungal metabolites induced haustorium development in Striga hermonthica and for the first time in Orobanche spp. This strategy could be an alternative tool for the biocontrol of parasitic plants as can reduce the chances for host contact disturbing the fine-tuned process of host recognition. 
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